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Abstract:
It is demonstrated that recent results on 1d granular gas in a container with a vibrating piston, which was
modelled by a shock wave propagation, can be understood with a modelling using ideas coming from the
"thermodynamics of a single particle". Defining e as the square root of the energetic-restitution coefficient of
a single collision, the mean loss during a round trip of the momentum is calculated in the limit N(1-e)<<1. It
is also demonstrated that the system cannot propagate sound waves nor shock waves in the limit of N(1-e)<<1
and that hydrodynamics equations cannot be defined when N(1-e)<<1.
Pacs # : 5.40 ; 45.70 ; 62.20 ; 83.70.Fn
_____________________________________________________________________
Recently, hydrodynamics models using shock waves propagation have been proposed
[1] to model and understand the dynamics of a 1d granular gas of N identical particles
contained in a 1d closed sample with one wall vibrating sinusoidaly as a function of
time t (frequency f , amplitude A), i.e. x = A cos(2pf t). In the following paper, we try
and understand the same problem when the losses are small; in this case it is
demonstrated that the approximation of "the thermodynamics of a single bead in a 1d
container" proposed recently [2] shall be valid under the hypotheses of [1] , i.e.  (i) the
balls are identical, (ii) the restitution coefficient with the wall is 1 and between beads
is e².
Results in [1] are expressed in terms of the typical kinetic energy Er=3.6(Lf)²
and of the dissipative parameter D=N(1-e) . On the contrary, the present paper shows
that the "single-particle modelling" works quite well as long as the dissipation due to
collisions remains small, i.e.  N(1-e)<<1, where e relates the relative speeds before
(Dv) and after (Dv') the collision [1] , i.e. Dv'=-eDv. It is found also that the right
parameter governing the kinetic energy is v²»(Af)²/D instead of (Lf)² as it was
proposed in [1].
Furthermore the paper demonstrates that neither hydrodynamics equation nor
pressure wave can be defined in a 1d mono-atomic gas so that shock waves cannot
exist, strictly speaking. This is then incompatible with the understanding developed in
[1].
The paper starts and investigates the case of perfectly elastic collisions (e=1). It
shows in this case that the problem is strictly equivalent to the problem of the
thermodynamics of a single bead in a 1d container. It continues with the case e slightly
different from 1 for which the losses are calculated. Then problems of sound wave
propagation and of hydrodynamics equations are considered and some results on
Knudsen regime are recalled. This allows demonstrating that one cannot define the
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average quantities requested in order to define the physics of wave propagation and
the hydrodynamics limit.
1.  The case e=1
Let us start first by considering the problem with a restitution coefficient e=1. In this
case the collision between two particles i and j results in the interchange of the two
speeds: calling (vi,vj) and (v'i,v'j) the speeds of the particles before and after the
collision, the collision equations, i.e. momentum conservation equation and total
energy conservation (since e=1), write (vi+vj)= (v'i+v'j)  and vi²+vj²= v'²i+v'²j and
impose vi= v'j and vj= v'i. Interchanging the labels i«j after each collision (i,j) allows
to write that each particle number i continues its trajectory with the same speed as if it
was not collided with the other one. So, the problem of N identical rigid non
dissipating beads in an excited 1d container is then equivalent to N uncorrelated
problems of just one bead in an excited 1d container, if the restitution coefficient of
the beads is equal to 1. This limit case is then exactly described in paper [2] where it is
shown the existence of resonance effect for specific amplitudes and for specific values
of the restitution coefficient r, r describing the collision between the ball and the walls.
It is worth noting that the right parameters are A/L and r, so that f does not play any
role contrarily to what let expect Eqs. (1-3) of paper [1] . Case r=1 has not been
studied in [2], since it leads to diverging speed.
However, one can extend the results from r¹1, but r®1 ; in particular, one finds
that the speed distribution is peaked around two values <v+> and <v-> which are
related together via r , cf. [2] . For the values of r investigated in [2], it has been found
also that the relative width Dv/<v±> of the distribution is rather constant, i.e.
Dv/<v±>=a, with a»0.3  [2]. This means that the problem of N identical beads in 1d
with no loss during bead-bead collisions and with some losses for collisions with
boundaries is then strictly equivalent to the case studied in [2].
This allows proposing a method to visualise the ball trajectories and to
understand the complexity of the pattern. This method is reported in Fig. 1. It
considers the case of no loss during ball-ball collision (e=1) or during the collision
with the top wall (rtop=1) but some small loss with the moving piston (rbottom<1);   The
method starts with the construction of N independent trajectories of N effective
particles bouncing independently in between the two boundaries; such trajectories are
starting at different times and are constituted of segment of straight lines which are
starting from the bottom and which are reflected by the top fix wall. Then the speed of
these effective particles change randomly when they meet the moving bottom wall; in
the limit of v<<Lf and of v>>2pAf, the variation dv of this speed is rather random in
the range -2pAf <dv<2pAf , cf. [2]. So, the trajectories of these effective particles are
made of a series of connected L whose branches are symmetric and more or less
inclined.
As exemplified in Fig. 1, one can find the real trajectory of the balls by
continuity and using the following rules: (i) the balls follow the effective-particle
trajectories; (ii) the intersection of two of these effective-particle trajectories represents
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a collision between adjacent balls. An example of real-ball trajectory is given in Fig.
1.c.
Also the method can be adapted to solve the problem of a column of N balls
bouncing under gravity, as mentioned in the Fig. 1 caption.
Figure 1: Dynamical evolution of a 1d column of bouncing balls between a non moving wall (top
horizontal black line) and a vibrating piston (bottom black double line); the axis x of the ball
position is vertical; the amplitude of vibration A is supposed to be small compared to the cell size
L, i.e. A/L<<1 and v+<<Lf , so that the RPA approximation is satisfied [2].
Fig. 1.a represents different typical round trips for a single bead with r=1 for the non-moving wall
and r»1 for the piston. Slope of the trajectory defines the speed; under these conditions v+=v-
after the bouncing on the top wall.
Fig. 1.b: A real trajectory of a bouncing ball is any combination of connected round trips, such as
v+n-2pAf <v+n+1<v+n+2pAf. 7 different possible trajectories are represented with 7 different
colors, each of them starting from the same origin of time.
Fig. 1.c represents a typical time evolution of a column of N bouncing balls with e=1, rtop=1,
rbottom<1, (with N=7 here). It is constituted by N independent trajectories of N single effective
bodies, each trajectory has a different colour; they starts all from different times. The
intersections of two different trajectories represent the collisions between adjacent bouncing
balls. Real trajectories of  real bouncing balls can be found by following the series of impacts.
Two real trajectories of real balls have been represented, the first one is the bottom ball and is in
thick dashed black line, the other is in the middle of the column and is in thick continuous black
lines.
This method can be extrapolated to the problem of N bouncing balls under gravity; in this case
each effective trajectories which are here segments of straight line which start from the bottom
(top) boundary and end at the top (bottom) boundary would be replaced by an arch of parabola.
2.  The case e¹1, but N(1-e)<<1
When e¹1, each collision generates some energy loss; however, the losses are small
till e2N»1. So, one can solve the problem starting from the e=1 solution using a
perturbation theory when N(1-e)»1. In particular, one can follow the evolution of a
pseudo-particle bearing at time t1 a momentum (or speed) v1. In the last section, it has
been proposed that the continuity of the pseudo trajectory is found by interchanging
x
time
a b
time
c
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the ball numbers i«j after each (i,j) collision; we follow the same procedure here. So,
the pseudo particle coincides with ball 1 at t1, but its speed v evolves after n collisions
and its trajectory coincide now with the one of ball n+1. This leads to conclude that
the pseudo particle (and its speed) propagates from ball to ball till it comes back after
enough (i.e. »2N-1) collisions; so, the speed v1 at time t of the ball number 1 located
near the moving wall comes back with the value -v'1 , i.e. in the other direction, after a
delay dt»4L/(v1-v'1) and after 2(N-1) collisions with the other balls plus a collision
with the non moving wall. Each collision between balls (i,j) satisfy the equations:
v'i+v'j= vi+vj & v'i-v'j= -e(vi-vj) (1)
which leads to
v'i = (1+e)vj/2+(1-e)vi/2 & v'j = (1+e)vi/2+(1-e)vj/2 (2)
Noting b=(1+e)/2@1 and e=(1-e)/2@0, or e=1-2e and b=1-e, this leads to
v'i = bvj+evi = (1-e)vj+evi & v'j = bvi + evj (3)
Let us now note vp the speed of ball p before the collision with ball p-1; this collision
ensures the propagation of the speed v1, which was on ball 1 at time t1=0, p-2
collisions before; so one gets after p-1 collisions and after summation of the different
equations of the kind of Eq. (3):
v'n+1 = b
n
v1+e[Si=1
n
 b
p
vp]= (1-e)
n
v1+e[Si=1
n
 (1-e)
p
vn+1-p] (4)
v'n+1 is the speed of ball n+1 at time t between tn and tn+1 which corresponds to the laps
of time for which vn+1 corresponds to the speed v1 emitted by ball 1 at time t1. By
taking the limit 2Ne<<1, and considering the case of a column of N+1 balls, one gets
at second order in e:
v'n+1 @  [1-2Ne+4N²e²]v1+e[Si=1
N
 [(1-pe)vp+(1-{2N-p}e)v'p+1] (5)
In Eq. (5), v'p+1 is a speed different from vp+1, since both speeds are related to two
distinct collisions between balls p and p+1 at two different times during a round-trip;
so, v'p means the speed of ball p after a round-trip.
In Eq. (5), the speed v'p has to be considered as positive when the ball comes
back towards the piston. So the convention about the positive direction is changed as
soon as particle collides with the top wall: vp and v'p are both positive, the first one
when the ball moves towards the top wall, the second one when it moves in the
opposite direction.
Limiting the calculation to first order and considering a complete round-trip,
one gets:
v'1 @  v1+e[Si=1
N
 [(vp- v1)+(v'p+1-v1)] (6)
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The value of v'1 depends on 2N random collisions; some of these collisions happens
with balls moving in the same way (case CA), others move in opposite ways, (case CB).
The second part of the right hand side of Eq. (6) describes the energy (or velocity)
losses. Furthermore, the probability of collisions during dt is proportional (vp-v1); it is
then much larger when balls are moving in opposite direction. Denoting v the mean
speed of the other balls, it means that the probability of collisions with balls moving in
the same way is rather small if v1>v; it becomes important only when v1 is smaller
than v. By labelling Dv the square root of the standard deviation of ïv1ï-ïvpï, and by
taking the average of Eq. (6), one gets the mean v'1:
<v'1> @  v1-2Ne {[<ïvpê>+ ïv1ï]²+(Dv)²}/ {<ïvpê>+ïv1ï+Dv} (7)
In average Dv is about the width of the distribution of ïvpï, i.e. Dv » a v ; in the
following we will write Dv » a' v. From [2] one knows that a=0.3; considering then
2>>a:
<v'1> @  v1-2Ne {v+v1-a'v} (8)
Eq. (8) shows that the larger a' the smaller the losses, when a remains small compared
to 1; this is simply due to the fact that the number of collisions which occurs between
balls going in the same way increases, which results in a decrease of the losses.
Another point is worth noting: the mean loss, i.e. v1-<v'1>  ,  as evaluated from
Eq. (8), contains a term proportional to v1 and another term proportional to v. It results
from this that the global dynamics of collision is not strictly equivalent to a single-
body collision, which is governed by a restitution coefficient which would lead to a
relationship of the kind v1-<v'1>=(1-r)v1 . However averaging Eq. (8) over all possible
v1 leads to an average rule similar to the one of a single-body collision, since
<v'1> - <v1>@  -2(2-a')Ne v (9)
with v1=v and a'<2a.
Another point which is also worth noting is that the fluctuations of v'1 shall be
smaller than the one which would results from a single collision with a single particle;
this is linked to the rules of statistics which sharpen the relative width of the
distribution of an event which is composed by a series of independent events. It
imposes then that the distribution of v'1 shall be sharper than the one of v1; however
the sharpening shall not be large since 2aNe is supposed to be small.
§ real trajectories: One can use the scheme proposed in Fig. 1 to describe the
trajectories of the pseudo particles; the only difference comes from the losses which
occur at each collision: this reduces the speed of the pseudo-particle and makes the
trajectories slightly concave instead of remaining straight; however, this is negligible
since 2N(1-e) remains about 1.
It is also worth noting that the pseudo particle model, which is developed here,
is a resonant model because each pseudo particle is moving back and forth freely in
the box and adjust its speed to the conditions of reflection on the two walls. On the
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contrary, this does not hold true when the dissipation is too large since each pseudo
particle has lost most of its energy in the interactions with the others.
The limit of validity of the pseudo particle model can be estimated using a mean
field argument: the loss of speed v+1-v
-
1  due to the round trip shall be smaller than the
gain the ball can get by collision with the moving piston. However, it does not seem
that this argument leads to some incompatibility because such a condition is also
imposed in the case of a single particle in a vibrating container [2] for which
simulations show that the dynamics of the mean speed of the bead is adjusted
spontaneously and obeys this condition whatever the losses [2], even in the limit of (1-
r) ®0.
§ Simplified modelling: Anyhow, when the dissipation due to the 2N-2 collisions of
the system of N particles contained in the box is small enough, i.e.  Ne=N(1-e)<<1, it
is possible to consider that the system is equivalent to a set of N pseudo particles
moving independently and having no interaction with one another; however this
supposes that losses are described via the interaction with an effective medium or with
a boundary, and that this effective loss obeys the rule given by Eq. (9). In Eq. (9), the
a' parameter varies with |v1| and with |v| and Dv, where |v| is the mean speed of the
particles and Dv the width of the speed distribution; indeed, a' varies from 0 to 2a
about.  So the losses are slightly non linear in vv1. However noting that Dv/v is much
smaller than 2 allows to neglect the term a'. In this case, Eq. (9) shows that the particle
dissipate through a viscous damping -hv, whose strength h is proportional to the
number N of beads and is given by h = 4Ne = 2N(1-e).
§ Mean velocity in the Random Phase Approximation (RPA): one can find the value
of the mean speed v using a self consistent approximation similar to the one proposed
in [2] ; it is based on a random phase approach (RPA) [2]. This states that collision
with the moving piston occurs randomly at any phase of the motion with a probability
which is proportional to the relative speed of the ball v'1- Aw  sin(w tcoll) in the piston
frame, (with w=2pf); this imposes:
<v>=Ç
0
T
 [<v'>+2 Aw sin(w tcoll)] [1+(Aw /<v'>)sin(w tcoll)]dtcoll/T
<v>={<v'>²+A²w²}/<v'>=<v'>+ A²w²/<v'>
Combining this last equation with Eq. (9) leads to the self-consistent equation : 2(2-
a)Ne v = A²w²/<v'>@ A²w²/v. This leads to
v = pAf/[(1-a/2)Ne]
½
 = 2pAf/[(2-a)N(1-e)]
½
     >> 2pAf (10)
§ Resonance condition and mean velocity at resonance: Eq. (10) holds when no
resonance occurs and when A/L is small. Resonance effect can occur for specific
values of A/L. In this case collisions occur rather periodically when the wall motion
has always the same phase defined by tcoll. In order to describe this resonance, the
P.Evesque/ 1d  granular gas with little dissipation  - 56 –
poudres & grains 12 (3), 50-59 (April 2 001)
typical time tcoll has to be introduced in the self consistent equation and the integration
over a random tcoll has to be removed. This leads to the self consistent relation:
<v>= <v'>+2 Aw sin(w tcoll) (11)
Eq. (11) leads to 2(2-a)Ne v =2 Aw sin(w tcoll). Maximum amplitude is obtain for
sin(w tcoll)=1. So the typical speed at resonance is:
  v =  2pAf /[(2-a)Ne] (12)
Neglecting a compared to 2 and noting that resonance condition implies also 2L=v/f
lead to:
A/L » 2Ne/p with e=(1-e)/2 (13)
These conditions of resonance, i.e. Eqs. (11-13) compare rather well with what has
been found in [1].
We discuss now in the next sections the consequences of the above modelling
and its consistency with some hydrodynamics modelling and with sound-wave-
propagation modelling.
3.  Sound propagation and 1-d granular gas:
One can ask whether sound waves can propagate in such a medium? As a matter of
fact, it is difficult to speak in terms of sound propagation, since this requires to speak
in terms of the propagation of average macroscopic quantities like the density or the
pressure. Indeed, in the previous sections it has been shown that the excitation of ball
1 at time t propagates through the medium at a velocity equal to the initial speed of
ball 1. This has few consequences:
Let us first consider the case of a very short disturbance. In this case the
excitation modifies the speed of a unique ball. The disturbance propagates at the speed
v1. If one repeats the same disturbance at another moment, the new disturbance
propagates with another speed v'1. So v1 and v'1 play the role of the information
velocity c, but this velocity varies then from shot to shot and has a typical amplitude of
fluctuations which is Dc/c=a@0.3. Strictly speaking then, it is not possible to speak in
terms of  wave propagation: two impulses propagate at different speeds so that one
which was emitted later can pass the other one which was emitted earlier so that the
hierarchy of times is not respected after a while...
Let us now consider the case of a long disturbance. If the disturbance is long, it
modifies the initial speed distribution of v1 during a time much longer than L/(Nv).
The set of speeds propagate independently, each of them at the speed c1 = v1 which is
a random variable distributed around v; so c1 is a random variable with a mean
fluctuation Dc1/c1»a»0.3 and the signal becomes incoherent quite fast; furthermore, its
width broadens linearly with time. Hence there is no coherent propagation.
So the time scale that one has to consider to separate long and short duration of
excitations in this experiment is the time t=L/(Nv) which is a microscopic time.
"Waves" propagate in a coherent manner only if the excitation duration Te is Te <t.
But the temporal resolution is not enough to discriminate between composed signal
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and single signal: both affects the speed of a single particle during a time shorter than
the average time between two collisions.
These considerations can be extended to the case of any classical 1d gas of
identical mono-atomic particles: let us consider such a gas; due to the conservation of
momentum and of energy the dynamics of this 1d gas can be considered as the
superposition of the dynamics of N non interacting particles; this needs just to
interchange after each collision the numbering of the pair of the two particles having
collided. So the particles of such a gas are moving independently from one another
and with an infinite mean free path, (or with a mean free path which depends only on
the boundary conditions); so, the dynamics of each particle depends only on the
dynamics it gets due to the interaction with the boundaries. This gas is then similar to
a Knudsen gas [3], which forbids to get averaged local quantities with some physical
sense [3], such as pressure, density,…[3] It forbids then to write any equation of sound
propagation [3]…
The 1d problem would have been different if the particles were endowed by a
series of internal degrees of freedom. Indeed, in this case only global conservation of
energy and of momentum shall be written after each collision, which generates some
uncertainty and some randomness. If the collisions obey the thermodynamics laws,
then the internal degrees of freedom play the role of a thermostat. This is quite
sufficient (i) to ensure the validity of the statistics approach, (ii) to ensure the
consistency of macroscopic variables and (iii) to ensure the thermodynamics
approximation; this ensures then that pressure excitation propagates freely in this
medium as sound waves.
Such internal degrees of freedom can exist if the particles are complex and made
up of few spheres linked together by springs or if the spheres were elastic but soft.
This was not the case considered in the present work for which the spheres were
considered to be rigid.
The problem is also different if the space is 2d or 3d, because the momentum is
a 2d vector and the result of each collision depends on an internal parameter, i.e. the
relative angle between the relative direction of motion and the direction of the surface
of contact when the two spheres are in contact.
4.  Hydrodynamics modelling:
In the same way, for the same reasons as those ones given in Section 3, one can not
write local dynamics equation similar to those ones of hydrodynamics because these
ones are based on local average variables which have no meaning in the present case
of a 1d gas of identical particles [3].
5. Conclusion:
The dynamics of a 1d granular gas made of mono-disperse rigid spheres has been
studied in the case of small losses N(1-e)<<1, e being the restitution coefficient at each
collision, i.e. Dv'=-eDv. Firstly, it has been demonstrated that the problem is strictly
equivalent to N independent problems of a single pseudo-particle in a 1d box when the
restitution coefficient e e=1. So this N-body problem coincides with the one of the
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thermodynamics of a single bead in a 1d container under specific boundary conditions
[2]. The phase space dimension of this problem is 2N+1, i.e. 2  for each pseudo
particles plus 1 for time, or for the piston motion.
We have shown in Fig. 1 how the study of this 1-body problem can help
studying the dynamics of a peculiar ball in a column of N balls bouncing in a vibrated
cell.
Secondly, the case of small losses can be approximated within the same scheme
of a single particle in a 1d container. Losses have been calculated and the problem
solved at first order; it results from this calculation that the loss law for a single
particle is rather similar to the one obtained from a viscous damping -hv, with h being
proportional to N(1-e). This regime holds as far as N(1-e)<<1. As mentioned already,
higher order terms have not been taken into account so far. They introduce long-range
interactions between the effective particles, since N(1-e) <<1.
The case of larger losses, i.e. N(1-e)³1, has not been investigated. The method
proposed in this paper cannot be applied in this case because it requires also that the
statistics of the speeds v±p of particle p in the two directions +x and -x are always of
the same magnitude. This is so in the case studied in this paper because the losses are
small after a round trip; but this would not be anymore valid if the losses were large.
In that case it would be perhaps possible to try and find a solution for the speed
distribution which decreases as an exponential with the particle number n?
As the two first regimes, i.e. e=1 or N(1-e)<<1, are equivalent to a single-
particle problem, sound wave cannot propagate and hydrodynamics formalism cannot
be developed. These two results have been obtained due to the similarity of this N-
body problem with the case of very low density gases which is called the Knudsen
regime [3]. It turns then out that shock waves cannot be defined in such media and the
interpretation proposed in [1] of this problem is probably very weak.
At last it is worth noting that the present modelling, based on a single-particle
dynamics, holds true only due to the 1d nature of the dynamics and due to the rigid
assumption. The same granular-gas problem in 2d or in 3d, or in 1d with a complex
structure of the particles with springs and internal degrees of freedom would have not
led to the same conclusion: in these cases, collisions would have generated random
and complex changes of momentum. These problems cannot then be reduced to the
problem of the dynamics of a single particle with no interaction but are much more
complex. It results from this that such systems loose very quickly the memory of their
initial conditions so that a mean field theory can be built after few collisions, which
allows to reduce the number of independent parameters to the average quantities.
These last ones become the main quantities of interests in this case. The larger the
space dimension d the better the mean field and the faster the averaging, i.e. d=2 or 3.
In this paper it has been shown that the problem of sound propagation is not
relevant in a 1d granular gas; this would be different if the particles were connected
through springs. It is worth recalling some results about this case: in this case phonon
modes can be defined if all masses and all spring strengths are equal. However the
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theory of Anderson localisation [4] does apply as soon as some disorder exists: for
instance it can be demonstrated that all normal modes of vibration extend only over a
finite zone which is smaller than the system size in presence of disorder, and the larger
the disorder the smaller the extension. This may help understanding that 1d problems
are special issues of statistical physics with quite strange behaviours controlled by
topological effects.
Finally, the case of a 1d granular gas in a container with mono-disperse particles
and with variable restitution coefficient could have been investigated in the same limit,
i.e. Si(1-ei,i+1)<<1. It would have led to the same conclusions as those developed in the
course of this paper with a constant restitution coefficient. Indeed, due to statistical
thinning, variable e can be replaced by an effective e which is given by N(1-e)= Si(1-
ei,i+1).
On the contrary, the case of a 1d granular gas in a container with poly-disperse
particles has not been investigated. A priori, it is much more intricate because local
transfer of momentum depends importantly upon the local mass ratio mi/mi+1 and
because the space distribution of this ratio is fix, i.e. time invariant. This shall result in
long-range-correlation-effect that makes the problem more intricate.
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